[1] Reference evapotranspiration (RET), an indicator of atmospheric evaporating capability over a hypothetical reference surface, was calculated using the PenmanMonteith method for 75 stations across the Qinghai-Tibetan Plateau between 1971 and 2004. Generally, both annual and seasonal RET decreased for most part of the plateau during the study period. Multivariate linear models were used to determine the contributions of climate factors to RET change, including air temperature, air humidity, solar radiation, and wind speed. Spatial differences in the causes of RET change were detected by K-means clustering analysis. It indicates that wind speed predominated the changes of RET almost throughout the year, especially in the north of the study region, whereas radiation was the leading factor in the southeast, especially during the summertime. Although the recent warming trend over the plateau would have increased RET, the combined effect of the reduced wind speed and shortened sunshine duration negated the effect of rising temperature and caused RET to decrease in general. The significant decrease in surface wind speed corresponded to the decreasing trends of upper-air zonal wind and the decline of pressure gradient, possibly as a result of the recent warming.
Introduction
[2] Warming-induced hydroclimatic changes, if fully realized, would likely vary greatly across any one continent [Ziegler et al., 2005] , and climatic changes affect all elements of hydrologic cycle, such as precipitation, runoff, infiltration, groundwater flow, and evaportranspiration in a variety of ways [Kundzewicz and Somlyody, 1997] . Recent studies on regional-scale hydroclimatic changes pay much attention to the spatial and temporal patterns of evapotranspiration, involved in the maintenance of forest and oasis ecosystems, management of farmland and pasture irrigation, sustainable water supply for industrial and domestic demands et al. [e.g., Yu et al., 2002; Jin et al., 2004; Francisco, 2005; Xu et al., 2006; Gao et al., 2006; Brunel et al., 2006; Calanca et al., 2006; Burns et al., 2007] .
[3] The Qinghai-Tibetan Plateau, famous as ''the roof of the world,'' is rich in lakes, glaciers, and wetlands and is the main source area of several major rivers in Asia [Shen and Chen, 1996; Luosang, 2005] . The management and utilization of affluent water resources and hydropower on the plateau are not only important issues concerned with China, but also the neighboring countries located in the lower reaches of the international rivers originated from the plateau [Liu and Qimeiduoji, 1999; Liu et al., 2006a] . Significant warming trends were detected on the plateau during the last several decades [e.g., Liu et al., 2006b ]. The possible shift of water balance caused by climate change might have impacted the water resources on the plateau.
[4] As a result of monsoon climate, most precipitation and evapotranspiration on the plateau occurs from June to September. Evapotranspiration not only is a basic component of water balance, but also plays an important role in the energy budget in the earth-atmospheric system. In the central and southeastern plateau, the latent heat flux dominates the surface energy balance and is a major energy source of the atmosphere during the summer monsoon [Li, 2002; . Therefore the spatial and temporal patterns of evapotranspiration may have a significant impact on the transport of water vapor and latent heat and further local hydroclimatic courses.
[5] Actual evapotranspiration (AET) is influenced by various factors of both local climate and land surface condition. Potential evapotranspiration (PET) was first defined as ''the amount of water transpired in a given time by a short green crop, completely shading the ground, of uniform height and with adequate water status in the soil profile'' [Penman, 1948 [Penman, , 1956 . Similarly, the term of maximum possible evaporation or evaporation capacity usually refers to the amount of water evaporated from surfaces not limited by the supply of water [Gao et al., 1978] . FAO (Food and Agriculture Organization of the United Nations) accepted the definition of reference surface and recommended the concept of reference evapotranspiration (RET) instead of other ambiguous expressions such as PET [Allen et al., 1998 ]. The FAO Penman-Monteith method is recommended as the single standard method for determining RET, which represents the evaporating power of the atmosphere at a specific location and time and does not consider the crop characteristics and soil factors [Allen et al., 1998 ].
[6] As an observational and physical representation of PET, pan evaporation has declined in many parts of the world during the last several decades [e.g., Peterson et al., 1995; Chattopadhyay and Hulme, 1997; Golubev et al., 2001; Liu et al., 2004; Roderick and Farquhar, 2004; Tebakari et al., 2005] . Recent studies suggested that the decline of pan evaporation, PET, or RET over the QinghaiTibetan Plateau was mainly attributable to the decrease of surface wind speed, regardless of the rising temperatures Zhang et al., 2007] . Similar attributions have been reported for some other parts of China [Chen et al., 2005; Xu et al., 2006] , the northeast of India [Jhajharia et al., 2009] , the south of Canada [Burn and Hesch, 2007] , and the most parts of Australia [Roderick et al., 2007] . Chen et al. [2006] indicated that changes in relative humidity played the supporting role affecting PET trends of the plateau during 1961 -2000; while changes in sunshine duration played an insignificant role. Still, Zhang et al. [2007] suggested that the decrease of net total radiation was the secondary cause of the decreasing trend in RET of the plateau during 1966 -2003 . Since a climate factor may have a different impact on the RET process, its relative contribution to RET variation may also be different spatially. The relative significance of the climate factors of RET variation needs to be clearly quantified. Additionally, Chen et al. [2006] reckoned that the forcing factors of RET trends across the plateau were generally the same in all months, i.e., the decreasing wind speeds. However, there might be still some seasonal variation of the relative significance of the climate factors. In our study, we focused on the spatial and seasonal differences in the contributing factors to the RET trends over the plateau, which has not been specifically revealed in previous studies. Furthermore, we investigated the causes why the surface wind speed had decreased over the plateau, since it was identified as the main cause of the RET reduction.
Data and Methods

Meteorological Data
[7] Meteorological data are required for the FAO PenmanMonteith method. The discontinuities in the meteorological data over the plateau are mostly caused by weather station relocations and missing observations. In our study, observations with poor integrality before 1970s were discarded and weather stations that moved more than 30' in longitude or latitude or 100 m in altitude were filtered out to reduce any potential impact of observation discontinuities on the analyses. We abandoned five stations located in Qinghai Province, i.e., Mangya (no. 51866), Menyuan (no. 52765), Xinghai (no. 52943), Henan (no. 56065), and Banma (no. 56151), which were used in the studies by Chen et al. [2006] and Zhang et al. [2007] .
[8] The data from 75 stations in China's National Meteorological Observatory (NMO) network were used for the RET calculation (Figure 1 , Table 1) in our study. Daily maximum, minimum and mean air temperatures, mean relative humidity, wind speed and sunshine duration were provided by the National Meteorological Information Centre (NMIC) of China Meteorological Administration (CMA). The length of records for 74 stations is 1971 , but 1971 . As an average for the 74 stations, about 1.1% of the days were considered missing, if any of the weather observations was missing. Table 2 presents the number of months with missing data, i.e., month with all days missing, for all the 75 stations used for RET calculation during the period of 1971 -2004. Besides, radiation observations from 16 stations ( Figure 1 , Table 1 ) were used to calibrate the Angstrom coefficients for estimating the solar radiation in the FAO Penman-Monteith method. Differing from the study by Zhang et al. [2007] which used 11 stations to calibrate the Angstrom coefficients, 5 more stations located in Xinjiang Uygur Autonomous Region and Gansu Province were used in our study to improve the estimates of solar radiation over the north of the plateau.
[9] In order to examine the changes in circulation patterns and intensity as possible causes of climatic factors over the plateau, we obtained the monthly 500 hPa zonal wind speed and geopotential height data from the NCEP/NCAR Reanalysis data set [Kalnay et al., 1996] provided by the NOAA/OAR/ESRL PSD (Boulder, Colorado, USA, http:// www.cdc.noaa.gov/).
FAO Penman-Monteith Method
[10] The reference surface is defined as ''a hypothetical reference crop with an assumed crop height of 0.12 m, a fixed surface resistance of 70 s m À1 and an albedo of 0.23,'' and the FAO Penman-Monteith method [Allen et al., 1998 ] to estimate RET (mm/d) is given as: ].
[11] To ensure the integrity of computation, the weather measurements should be made at 2 m (or converted to that height) above an extensive surface of green grass, shading the ground and not short of water [Allen et al., 1998 ]. In China's NMO network, air temperature and humidity are measured at 1.5 m and wind speed at 10-12 m above ground. The measured daily minimum temperature, daily maximum temperature, and daily mean specific humidity at 1.5 m are respectively about 99%, 101%, and 101% of the measurements at 2 m, estimated according to the field observations during the Second Qinghai-Tibetan Plateau Experiment (TIPEX) from May to July 1998 [Liu et al., 2002] . In our study, the normal measurements of air temperature and humidity at 1.5 m were used instead of the required measurements at 2 m, since the differences are rather small and could be ignored. Wind speed at 2 m height was converted from the normal measurement at 10-12 m based on the logarithmic wind speed profile equation given by the FAO Penman-Monteith method [Allen et al., 1998 ]: ] A s regression constant, representing the fraction of extraterrestrial radiation reaching the earth on overcast days (n = 0) a s + b s the fraction of extraterrestrial radiation reaching the earth on clear days (n = N).
[13] In our study, the observations of n and R s from 16 stations ( Figure 1 , Table 1 ) were used to calibrate the Angstrom coefficients a s and b s . R a and N were computed based on date and latitude according to the equations given by the FAO Penman-Monteith method [Allen et al., 1998 ]. To ensure the continuity of R s and n, the years with over 10 missing days in any month were excluded (Table 3) . R s /R a and n/N were then computed and a s and b s were derived form the least squares fit of R s /R a on n/N by solving the linear model.
[14] The Angstrom coefficients of the 16 stations (Table 3 ) are rather close to the values reported by Chen et al. [2004] . Generally, the magnitudes of a s + b s , i.e., the fraction of extraterrestrial radiation reaching the earth on clear days, are above 0.8 in higher altitude areas, but below 0.8 in lower altitude areas. Overall, the Angstrom model is suitable for daily global radiation estimation on the plateau as indicated by high R 2 values (Table 3 ). For stations with no observation of solar radiation but sunshine duration, a s and b s were estimated by Kriging interpolation using Surfer 8.0 (Golden Software, Golden, Colorado, USA).
Calculation of the Soil Heat Flux
[15] The soil heat flux (G) is the energy utilized in soil heat exchange. Although G is small compared to R n and may often be ignored, the amount of energy gained or lost by the soil should be theoretically subtracted or added to R n when estimating evapotranspiration [Allen et al., 1998 ]. In the FAO Penman-Monteith Method, the monthly value of G is given as: 
Statistical Methods 2.3.1. Long-term Means and Intraannual Variation Patterns of RET and Related Variables
[16] The monthly means of air temperature (T,°C), relative sunshine duration (S, %), relative humidity (RH, %), 2 m wind speed (U, m s
À1
) and sums of RET (mm) were calculated for spring (MAM), summer (JJA), fall (SON), and winter (DJF) for all 75 stations from 1971 to 2004. The missing data for all 75 stations but Chaka (no. 52842) were filled using the means of the values from the other years.
Regression Analysis
[17] Linear regression was applied to examine the trends of RET during the period of 1971-2004. Spatial distribution pattern of RET was examined using stepwise regressions, where mean annual RET was regressed against latitude f, longitude l, and altitude z. To determine the relative contributions of the climatic variables, we also regressed annual and seasonal RET against T, S, U, and RH for each station. The significance level for a predictor to be added into the model was set as 0.05, and the significance level for a predictor to be removed from the model was 0.1. The regression analysis was performed using Matlab 7.0 (MathWorks, Natick, MA, USA).
K-Means Clustering Analysis
[18] K-means clustering analysis [Seber, 1984; Spath, 1985] was used to identify the difference in the annual RET series of 74 stations from 1971 to 2004. K-means clustering can best be described as a partitioning method that divides the series into K mutually exclusive clusters. K-means treats each series as an object having a location in space. It finds a partition in which objects within each cluster are as close to each other as possible, and as far from objects in other clusters as possible. In our study, the ''correlation distance'' which equals to one minus the sample correlation between series was selected from the five different distance measures provided by Matlab 7.0. Each cluster in the partition is defined by its member objects and by its centroid, or center, to which the sum of distances from all objects in that cluster is minimized. K-means uses an iterative algorithm that minimizes the sum of distances from each object to its cluster centroid over all clusters. To avoid local minima as much as possible, we partition the 74 series into K clusters (varying from 2 to 74) with ten replicates performed for each partitioning solution. Each of the ten replicates begins from a different randomly selected set of initial centroids. For each clustering solution, there is a corresponding series of silhouette index, which ranges from +1.0, indicating points that are very distant from neighboring clusters, through 0, indicating points that are not distinctly in one cluster or another, to À1.0, indicating points that are probably assigned to the wrong cluster. Practically, the average silhouette value sharply increased with the number of clusters when the 74 series were partitioned into several decade clusters, but of little significance. Therefore in our study, the correct number of clusters should be smaller than ten while with a high average silhouette value and none (or few) minus silhouette values occurring.
Results and Discussion
Spatial Pattern of Mean Annual RET
[19] Spatial distribution of mean annual RET is shown in Figure 2 . The regression equation was RET = 2342.028 À 12.055l À 0.062z, with R 2 = 0.332. This indicates that the mean annual RET generally decreases by 6 mm with rising 100 m of altitude and by 12 mm moving one degree of longitude eastward. Solar radiation increases with altitude because of thinner aerosphere, less air density, water vapor and aerosols; wind speed generally increases with altitude as an observed fact across the plateau; relative humidity is not clearly related to altitude because of the complex impacts of topography and atmospheric circulation [Zhang et al., 1982; Guan et al., 1984; Dai, 1990] . The decrease of RET with altitude is in accordance with the decrease of air temperature with altitude. The decrease eastward of RET, which does not agree with the spatial distribution of temperature, is determined by the spatial patterns of solar radiation, relative humidity, and wind speed, which generally decrease from the northwest to the southeast of the plateau throughout the year [Dai, 1990] . The predictor f was excluded from the regression model, implying that the influence of latitude on the distribution of RET is smaller than and being replaced by that of altitude or longitude. Additionally, the low R 2 value suggests that the spatial pattern of RET over the plateau is much determined by the complex influence of diverse terrain on the meteorological factors across the Qinghai-Tibetan Plateau [Dai, 1990] .
RET Trends During 1971 -2004
[20] The trend slopes of annual and seasonal RET are shown in Figures 3 and 4 . Significant decreasing trends were detected in annual RET for 39 stations (i.e., 52% of all stations), while increasing trends were found for only 6 stations (i.e., 8% of all stations). The remaining 40% of the stations presented no significant trends. Annual RET for stations with significant negative trends decreased by 20-60 mm/decade, except for Qiemo (no. 51855), which had a trend slope of À141.9 mm/decade. For most of these stations, significant negative trends were found in at least two seasons. However, annual RET for stations with significant positive trends increased by only about Figure 5 ). This pattern implies the possible differences in the relative contribution of climate factors for RET change, since RET is governed by solar radiation, air temperature, air humidity, and wind speed.
[22] Stepwise regression was completed for each of the 75 stations, with the annual means of T, S, U and RH as the predictors and the annual RET as the dependent variable from 1971 to 2004 (2000 for Chaka, Table 4 ). The regression models are characterized by high R 2 values, with an average of 0.915. For 58 stations, all four climate variables were included in the regression models, which means that air temperature, radiation, wind speed and air humidity all had significant influences on RET variation at these stations. As an exception, however, U was excluded for Pali (no. 55773) since its regression coefficient is negative, which is against the physical process of evaporation in which wind speed is positively correlated to ET, even though it is statistically significant (p < 0.1). RH did not enter the models for three stations (no. 56227, 56093, and 56257), suggesting that humidity played a less important role than the other factors in humid areas. T entered all models but for three stations (no. 51855, 55299, and 56543), and S was excluded for only two stations (no. 51777 and 55299). U did not enter the models for twelve stations, mostly found in the central plateau. Naqu (no. 55299) is distinguished from all other stations, for only RH was included in its regression model.
[23] The absolute values of the standardized regression coefficients for T, S, U, and RH are mapped as bar graphs in Figure 6 to reveal the spatial pattern of relative importance of the climate factors on RET variation. Apparently, the influence of the same climate factor can vary spatially. T generally played a more important role in the northeast of the plateau. S had a greater impact in the southeast than in the north. The influence of U was much stronger to the north of 33°N than that to the south. RH mainly affected the variation of RET at several stations in the central plateau.
[24] K-means clustering was also performed on the absolute values of the standardized regression coefficients of T, S, U, and RH, as a method to further determine the leading factor of RET variation in different areas. The with the leading factors of 1) wind speed, 2) humidity, and 3) radiation. The smaller increasing rates of daytime temperatures than that of daily mean temperatures on the Qinghai-Tibetan Plateau had limited the importance of mean temperature trends for changes of PET rates . The increase in mean temperature showed little correlation with the declining trends in RET and pan evaporation [Zhang et al., 2007] . Therefore there is no cluster with temperature as the leading factor. Generally, there is a contiguous area in the north of the study region dominated by Cluster 1 stations, while the southeastern part has mostly Cluster 3 stations. The Cluster 2 stations are intermingled with the other two clusters. This suggests that the changes in RET for most stations, especially those north of 33°N, were mainly attributable to the changes in surface wind speed; while changes in sunshine duration were generally responsible for RET changes in the southeast of the plateau.
[25] The relative importance of the climate factors on RET may vary with seasons. Again, high R 2 values indicated strong robustness of the models of the 75 stations (R 2 = 0.97, 0.98, 0.91 and 0.95 for MAM, JJA, SON and DJF, respectively). Figure 8 indicates the seasonal variation of the relative significance of the climate factors for changes in RET across the plateau. In summer, radiation was the dominant factor for most stations to the south of 33°N, while wind speed for those to the north, similar to that of the annual RET (Figure 6 ). In spring and fall, the number of stations strongly influenced by radiation was much smaller than in summer. In fall, different from spring, humidity became the dominant factor at several stations mainly located in the central plateau, e.g., Bange (no. 55279), Tuotuohe (no. 56004), and Maduo (no. 56033). In winter, the impact of radiation was much weaker than the other factors for most part of the plateau. Therefore wind speed dominated almost throughout the year for most stations to the north of 33°N.
Main Reasons for RET Decrease
[26] The annual and seasonal trends of the climate factors, i.e., T, S, RH, and U, were examined for each station during 1971-2004 to determine the reason for the detected RET trends. In general, significant increases in T and significant decreases in U were detected almost across the plateau throughout the year; S significantly decreased to the south of 33°N in JJA, SON, and MAM; RH significantly increased to the south of 33°N, but most of the increasing trends were detected in DJF.
[27] Five stations with significant RET trends were selected to show the contributing factors and causes for the RET trends (Table 5) . Zedang is located in the middle reaches of the Yalungzangbo River to the north of the Himalayas, and Maduo in the source area of the Yellow River in central Qinghai Province. Dege and Hezuo are closest to the centroids of Cluster 1 and Cluster 2, respectively, in the K-means analysis on annual RET change ( Figure 5 ). Qiemo was selected because of its extreme decreasing trend of RET.
[28] At Zedang, the impact of wind speed was the strongest among the four climatic factors and, therefore the significant decrease of wind speed should be cause of Figure 6 , but for the seasonal scales. the decrease of annual RET (Table 5) . At the seasonal scale, the impact of wind speed was essentially the same as that of radiation in summer, but predominated in the other seasons. At Dege, the leading factor for annual RET change was radiation (sunshine duration), followed by wind speed. Summer and fall were dominated by radiation; while wind speed had a slightly greater impact in spring and predominated in winter. At Qiemo, the impact of wind speed was much greater than that of the other factors throughout the year. Therefore the observed significant decrease of RET was mostly attributed to the significant decline of wind speed at both annual and seasonal scales, although the decreasing sunshine duration and increasing relative humidity also played a role. At Maduo, the impact of humidity was slightly stronger than that of temperature and radiation for annual RET change, while wind speed had no significant impact. Similar patterns were found at the seasonal scale. At Hezuo, radiation played the most important role in annual RET change. Summer and fall were predominated by radiation, while temperature and radiation contributed similarly in spring, and winter was predominated by wind speed.
[29] The above analyses indicate that the decrease of surface wind speed was mainly responsible for the RET reduction in the north of the plateau. To determine the cause of the decrease in surface wind speed over the plateau, we first examined the trends of the zonal wind speed at the 500 hPa geopotential height surface for the warm months of March through October when most RET occurs. The Spearman's rank correlation coefficients between the 500 hPa zonal wind speed and the time variable YEAR were used as the indicator for temporal trends during 1971-2004 [Mitchell et al., 1966] . For most part of the plateau, the MarchOctober 500 hPa zonal wind speed decreased during the study period, with significant decreasing trends found in the northeast of the region (Figure 9 ). This finding points to the changes in circulation patterns and intensity as the possible cause of the decline of surface wind speed. To confirm this, we analyzed the 500 hPa geopotential heights at both 27.5°N and 40°N, with each averaged for the longitudes 80°-102°E. Although the geopotential heights at these two latitudes both increased during 1971 -2004, the South-North pressure gradient declined with statistical significance (Figure 10 ), which led to the decreases in the upper-air zonal wind speed and the reduced strength of circulation over the plateau.
[30] Our analyses also suggest that the reduced radiation (sunshine duration) was the leading factor for RET decrease at most stations in the southeastern plateau during summertime. This conforms to the general decrease in pan evaporation in the Northern Hemisphere associated with observed large and widespread decreases in sunlight due to increasing cloud coverage and aerosol concentration during the past 50 years . Visibility in the clear sky reduced by the presence of aerosols has resulted in net global dimming over land from 1973 to 2007 [Wang et al., 2009] . Liu et al. [2004] suggested that the aerosolcaused decrease in solar irradiance (sunshine duration) was most likely the driving force for the reduced pan evaporation in China, which coincided with the study by Ren and Guo [2006] . Sunshine duration was also identified as the most influencing variable for pan evaporation changes in the northeast of India in winter, monsoon and pre monsoon seasons [Jhajharia et al., 2009] . Du et al. [2007] indicated that the decrease of annual and summer sunshine duration in Tibet during 1971 -2005 was mainly related to the increase of atmospheric water vapor pressure and precipitation. Up to now it is difficult to confirm the impact of atmospheric aerosol on sunshine duration because of the absence of observations on atmospheric aerosol in Tibet. However, a recent study revealed that a significant amount of brown clouds that consist of a mixture of light-absorbing and lightscattering aerosols is being generated in South Asia by fossil fuel and biomass burning [Ramanathan et al., 2007] , which may be transported over the plateau by the summer monsoonal circulation pattern and cause the decreases in sunshine duration in recent years.
[31] In our study, using a corrected data set of climatic variables, we confirmed the general pattern of decreasing trends of RET across the Qinghai-Tibetan Plateau as identified by Chen et al. [2006] and Zhang et al. [2007] . Still, we detected the spatial pattern of the RET variations across the plateau, i.e., the difference between the north and south of 33°N (Figure 5 ), which implies some spatial variations of the controlling factors of the RET changes. We confirmed that the combined effect of the reduced wind speed and shortened sunshine duration negated the effect of rising temperature and caused the RET reduction [Zhang et al., 2007] . However, our analyses suggest that there were both spatial and seasonal differences of the contributing factors to the RET trends across the plateau. It is concluded that wind speed predominated the changes of RET almost throughout the year, especially in the north of the study region; while radiation was the leading factor in the southeast, especially during the summertime. Moreover, we found that the South-North pressure gradient in the upper air decreased significantly over the plateau, which was the main cause of the reduced strength of circulation and the reduced surface wind speed. 
Possible Change in AET Related With Decreasing RET
[32] Ultimately, AET is the hydrologic flux of interest, while pan evaporation, PET, or RET matters insofar as it can offer a useful clue to the direction of the change in AET [Ohmura and Wild, 2002] . However, decreasing pan evaporation, PET, or RET cannot simply indicate decreasing AET. On the contrary, AET and pan evaporation, PET, or RET can be inversely related in certain cases. Actually, the decline in pan evaporation has been reported to be associ- Figure 10 . Change of the South-North gradient of geopotential heights for March -October on the 500 hPa surface over the Tibetan Plateau. The gradient is indicated by DGH, i.e., the difference in geopotential heights between the latitudes of 27.5°N and 40°N, averaged for 80°-102.5°E. The linear trend line of DGH is statistically significant at p < 0.01. ated with an incline in actual evaporation in some climates [e.g., Lawrimore and Peterson, 2000; Golubev et al., 2001] , which supports the proposal by Brutsaert and Parlange [1998] that decreasing pan evaporation actually provides a strong indication of increasing terrestrial evaporation in many situations. Theoretically, PET and AET for large homogeneous surfaces with minimal advection of heat and moisture fall in a complementary relationship, i.e., the Bouchet-Morton complementary relationship [Bouchet, 1963; Morton, 1975] . Ramírez et al. [2005] provided direct observational evidence of the complementary relationship in regional evapotranspiration hypothesized by Bouchet in 1963. This complementary relationship has been examined and adopted to estimate regional AET [e.g., Sugita et al., 2001; Hobbins et al., 2001; Xu and Singh, 2005; Ozdogan et al., 2006] .
[33] As for the Qinghai-Tibetan Plateau, regional water budget-derived AET generally presented insignificant increasing trends [Zhang et al., 2007] , which coincided with the detected increasing trend in vapor pressure, as well as temperature and precipitation [Wu et al., 2007; Du et al., 2007] . AET and PET exhibited some complementary behavior on the plateau, which, however, did not fall in Bouthet's hypothesis [Zhang et al., 2007] . To explain the trend in water budget-derived AET and the relationship between pan evaporation and AET, Hobbins et al. [2004] emphasized that both two driving components, i.e., the radiative energy budget (Q n ) and the vapor transfer budget (E A ), must be considered together. These two budgets were separately addressed by Szilagyi et al. [2001] , Milly and Dunne [2001] , and . According to our analyses, the reduced sunshine duration that caused Q n to decrease was mainly responsible for the decreasing trend of RET in the southeast of the plateau, though the decreasing wind speed and increasing relative humidity that caused E A to decrease also contributed to decreasing RET. The possible increasing trend in AET can be explained in the context of the complementary relationship, i.e., AET = lWET À PET, where WET is wet environment evapotranspiration, and l is a constant greater than one but less than two according to Zhang et al. [2007] . WET decreases with declining Q n , PET decreases with declining Q n and E A , but AET may increase when the decreasing rate of PET exceeds that of lWET.
Conclusion
[34] In this study we examined the spatial and temporal patterns of reference evapotranspiration (RET) calculated using the FAO recommended Penman-Monteith method over the plateau and its vicinity during 1971-2004. Generally, both annual and seasonal RET decreased for most part of the plateau during the study period. At the annual and seasonal scales, we identified the relative contribution of wind speed, sunshine duration, temperature, and relative humidity to variations of RET. The combined influence of wind speed, radiation (sunshine duration), and humidity was greater than that of temperature on the change of atmospheric evaporating power, while the impacts of the climate factors of RET varied spatially and seasonally. Wind speed predominated the change of RET almost throughout the year, especially in the north of the study region; while sunshine duration was the leading factor in the southeast, especially during the summertime. Although the recent warming trend over the plateau could have increased RET through changes in temperature, the combined effect of the reduced wind speed and shortened sunshine duration negated the effect of the rising temperature and caused RET to decrease in general across the plateau. The significant decline of surface wind speed over most part of the plateau was in accordance with the detected decreasing trends of zonal wind speed on the 500 hPa surface. We found that the geopotential height generally increased over the plateau for the months March -October, but the 500 hPa pressure gradient decreased statistically over the study region. The reduced pressure gradient between 27.5°N and 40°N, possibly as the result of the recent warming, is identified as the main cause of the reduced surface wind speed.
